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human-	wildlife	 landscape	 at	multiple	 spatial	 scales.	 Cheetahs	 are	 a	 wide-	ranging,	






sity	 and	 slope),	 at	multiple	 spatial	 scales,	was	determined	by	analyzing	collar	data	







closed	habitat	 and	edge	density.	Understanding	a	 species’	 resource	 requirements,	
and	 how	 these	might	 be	 affected	 by	 humans,	 is	 crucial	 for	 conservation.	Using	 a	
multiscale	approach,	we	provide	new	 insights	 into	 the	habitat	 selection	of	a	 large	
carnivore	living	in	a	human-	wildlife	landscape.
K E Y W O R D S
cheetah,	GPS	radio-collars,	habitat	selection,	human-wildlife	landscape,	Maasai	Mara,	
multiscale,	resource	selection	functions
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1  | INTRODUC TION







and	 competition.	Competition	 can	be	between	 individuals	within	
the	same	species	(intraspecific	competition),	or	between	different	
species	 needing	 the	 same	 resources	 (interspecific	 competition;	



















if,	 and	 how,	 carnivores	 and	 people	 can	 coexist	 (Carter	&	 Linnell,	
2016;	Oriol-	Cotterill,	Macdonald,	Valeix,	Ekwanga,	&	Frank,	2015).	
































this,	 cheetahs’	 resource	 selection	 within	 landscapes	 where	 they	 
co-	occur	with	people	 is	 still	 poorly	understood.	This	 is	mainly	be-






&	 Parker,	 2015).	 These	 studies	 have	 however	 found	 that	 certain	
environmental	 factors,	 such	 as	 vegetation	 and	 habitat	 structure,	
influence	cheetahs’	 fitness,	 as	 it	 can	affect	hunting	 success	 (Mills,	
Broomhall,	&	Du	Toit,	2004),	cub	survival	(Broekhuis,	2018)	and	co-
existence	with	other	predators	(Broekhuis	et	al.,	2013).
The	 Maasai	 Mara	 in	 Kenya	 is	 an	 ideal	 place	 to	 conduct	 this	












fitted	 with	 GPS	 radio-	collars	 (Figure	1).	 Various	 studies	 on	 carni-
vores	 in	human-	dominated	 landscapes	have	shown	a	strong	avoid-
ance	of	humans	(e.g.,	Elliot	et	al.,	2014),	however,	 it	 is	possible	that	
cheetahs	may	prefer	human-	dominated	areas	 as	 it	 is	believed	 that	
they	do	well	in	areas	where	competitors,	particularly	lions	(Panthera 
leo)	 and	 spotted	 hyaenas	 (Crocuta crocuta),	 have	 been	 eradicated	
(Marker,	Dickman,	Mills,	&	Macdonald,	2003).	Under	a	competition-	
avoidance	hypothesis	we	would	expect	cheetahs	in	the	Maasai	Mara	
to	 prefer	 areas	 outside	 the	wildlife	 areas	 as	 the	 densities	 of	 com-




influenced	by	 factors	 that	provide	 concealment	 from	other	preda-
tors,	 including	humans,	 such	as	 semiclosed	habitat,	 and	 those	 that	
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broad	 scale	and	 resources	within	home-	ranges	 to	be	 selected	at	 a	
fine	scale.
2  | MATERIAL AND METHODS
2.1 | Study area




(community	 land;	 Figure	2).	 The	wildlife	 areas	 (~2,601	km2)	 are	 set	
aside	 for	 wildlife-	based	 activities,	 such	 as	 photographic	 tourism,	
and	 include	 the	 Maasai	 Mara	 National	 Reserve	 (MMNR)	 and	 the	
surrounding	 conservancies.	 The	MMNR	 is	 managed	 by	 the	 Narok	
County	Government	while	the	conservancies	are	each	managed	by	
different	 management	 companies.	 The	 conservancies	 are	 formed	
through	 a	 partnership	 between	 Maasai	 landowners	 and	 tourism	
companies,	whereby	 landowners	receive	a	fixed,	monthly	payment	






Community	 land	 (~3,161	km2)	 is	 the	area	outside	 the	MMNR	
and	 the	 conservancies,	 of	 which	 the	 north	 and	 west	 are	 domi-
nated	 by	 agriculture.	 To	 the	 east	 settlements	 are	 predominant,	
where	 the	 Maasai	 people	 reside	 with	 their	 livestock	 in	 home-
steads	 known	 as	 manyattas.	 Both	 people	 and	 livestock	 in	 the	
area	are	increasing	at	a	rapid	rate	(Lamprey	&	Reid,	2004),	as	are	
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open	grassland	plains,	which	are	dominated	by	Themeda triandra,	are	
mostly	 found	 toward	 the	 south	and	west	of	 the	 study	area,	while	
the	north	and	northeast	 consist	mostly	of	Croton	 thickets	 (Croton 
dichogamous)	and	Vachellia	woodlands	(Vachellia drepanolobium and 
V. gerrardii).	Riverine	woodland	can	be	found	along	the	major	rivers	
and	their	tributaries	(Oindo	et	al.,	2003).
The	 area	 experiences	 one	 rainy	 season	 (November–June)	 and	
one	dry	season	(July–October;	Ogutu,	Piepho,	Dublin,	Bhola,	&	Reid,	
2008).	The	long	grass	after	the	rainy	season	attracts	large	numbers	
of	 migratory	 ungulates,	 including	 the	 white-	bearded	 wildebeest	
(Connochaetes taurinus)	and	the	common	zebra	 (Equus quagga)	 from	
the	Serengeti	 in	Tanzania.	Throughout	 the	year,	 a	 large	abundance	
of	 cheetah	 prey	 is	 still	 available,	 including	 resident	 white-	bearded	




Global	 Positioning	 System	 (GPS)	 radio-	collars	 (African	 Wildlife	








In	 compliance	with	Kenyan	 law,	all	 immobilizations	 for	deploy-
ment/removal	of	radio-	collars	were	performed	by	a	Kenya	Wildlife	










All	 radio-	collars	were	removed	 if	they	malfunctioned	or	 if	the	bat-
teries	were	low.










able	 to	 them	 within	 the	 study	 area	 (Manly,	 McDonald,	 Thomas,	
McDonald,	&	Erickson,	2002).	To	determine	use,	we	randomly	se-
lected	50%	of	 the	 total	points	 collected	at	night	 and	50%	of	 the	
total	 points	 collected	 during	 the	 day	 per	 individual	 to	 minimize	
autocorrelation.	One	female	(F01)	had	a	litter	after	her	collar	was	
deployed,	which	 she	 lost	 after	 22	days.	 As	 her	movements	were	
restricted	during	this	time,	all	data	points,	except	for	one	randomly	
selected	 point	 per	 day	 during	 this	 period,	were	 removed.	 To	 de-
termine	the	number	of	available	points	 that	were	needed	for	 the	
analysis,	we	 conducted	 a	 sensitivity	 analysis	 following	 the	meth-
ods	 described	 by	 Stabach,	Wittemyer,	 Boone,	 Reid,	 and	Worden	
(2016).	Based	on	 this	we	decided	 to	use	a	1:1	 ratio	 for	used	and	
available	 points,	 meaning	 that	 we	 created	 the	 same	 number	 of	
random	points	as	GPS	points.	The	random	points	were	generated	

























2016	 fence	 data	 from	 Løvschal	 et	al.	 (2017).	 The	 polygons	were	
converted	to	points	and	using	the	point density	function	in	ArcGIS	
10.2.2	 (Environmental	Systems	Research	 Institute	 Inc.,	2014)	 the	
density	of	human	footprint	was	calculated	for	the	different	scales	













habitat	 structure	 using	 the	 Random	 Forest	 method,	 chosen	 for	
its	 high	 classification	 accuracy	 (Cutler	 et	al.,	 2007;	 Kampichler,	
Wieland,	 Calmé,	 Weissenberger,	 &	 Arriaga-	Weiss,	 2010).	 The	
training	 data	 were	 created	 in	 QGIS	 using	 a	 combination	 of	 378	
habitat	points	obtained	on	the	ground	and	high-	resolution	SPOT	5	
imagery	(2.5	m	resolution)	from	2011	(SPOT	data/ISIS	programme,	
Copyright	CNES).	 In	 addition	 to	 the	original	 satellite	 images,	we	
also	used	the	Normalized	Difference	Vegetation	Index	and	texture	
to	 increase	 the	 accuracy	 of	 classification.	 The	 classification	was	
carried	 out	 using	 the	 randomForest	 package	 in	 R	 (R	 Core	 Team,	
2017).	Habitat	was	classified	according	to	three	different	habitat	
types:	open,	semiclosed	and	closed	(Supporting	Information	Table	





Two	variables,	 edge	density	 and	 the	patch	density,	were	used	 as	
these	 variables	 have	 been	 shown	 to	 be	 important	 habitat	 struc-
tures	 for	 cheetahs	 (Mills	et	al.,	2004).	Both	variables	were	calcu-
lated	 in	 FRAGSTATS,	 version	 4.2.1.603	 (McGarigal	 &	 Ene,	 2015)	
using	 the	 habitat	 map	 (see	 above).	 Edge	 density	 represents	 the	
total	 edge	 length	between	open	and	 semiclosed	habitats	divided	
by	the	total	 landscape	area	 in	squared	meters	which	 is	 then	con-
verted	 into	hectares.	This	 results	 in	 a	 standardized	edge	density,	
which	 can	 be	 compared	 along	 different	 sized	 landscapes.	 Patch	
density	represents	the	number	of	open	and	semiclosed	patches	per	
100	hectares.	Patch	density	 is	 calculated	by	dividing	 the	number	
of	 patches	 of	 each	 habitat	 type	 by	 the	 total	 number	 of	 patches,	




















Srivastava,	1989).	To	create	 the	different	 scales	of	 the	categorical	
















planatory	 variable,	 a	 univariate	 scaling	 analysis	 was	 performed	
to	 optimize	 the	 scale	 that	 best	 captured	 the	 cheetahs’	 response	
(McGarigal	 et	al.,	 2016).	 The	 scale	with	 the	 lowest	 AIC	 value	was	
then	retained	for	the	next	step.	Second,	using	the	explanatory	vari-
ables	with	 the	 scales	 from	 the	 previous	 step,	 the	most	 important	





models	were	 ranked	 using	AIC	 and	 relative	 support	was	 assessed	
using	Akaike	weights	 (wi).	When	one	model	was	superior	 (wi >	0.9)	
this	 was	 used,	 otherwise	 parameter	 estimates	 were	 averaged	 for	





whereby	w(x)	 is	 the	outcome	of	 the	RSF,	xn	 the	 covariates,	βn	 the	
fixed	regression	coefficients	for	locations	 i	and	individuals	 j,	β0	the	
w(x)=exp (β0+1x1ij+2x2ij+⋯+nxnij+0j)





we	decided	to	pool	 the	data	 (Supporting	 information	Figure	S1).	The	
univariate	 analysis	 shows	 that	 the	 explanatory	 variables	 influenced	









habitat	 rather	 than	open	habitat	 and	edge	density	 rather	 than	patch	
density	 (Supporting	 Information	 Table	 S4).	 This	meant	 that	 the	 vari-
ables	that	were	used	in	the	final	analysis	included	the	human	footprint	
density,	wildlife	areas,	semiclosed	habitat,	edge	density,	and	slope.	All	
of	 these	variables	were	 included	 in	the	top	model	 (Table	1),	but	their	
effect	 on	 habitat	 use	 varied	 per	 variable	 with	 those	 with	 negative	
coefficients	 being	 avoided	 and	 positive	 coefficients	 being	 selected.	
Most	 notably	was	 the	 avoidance	of	 humans	 (estimate	=	−2.725,	 95%	
CI	=	−4.162	to	−1.420;	Figure	3a)	and	selection	for	wildlife	areas	(esti-
mate	=	2.358,	95%	CI	=	2.122	to	2.601;	Figure	3b).	Cheetahs	also	se-




(estimate	=	−0.260,	 95%	 CI	=	−0.380	 to	 −0.141;	 Figure	3e).	 These	
results	were	used	to	create	a	habitat	suitability	map	for	the	study	area	
(Figure	4).
The	 habitat	 suitability	 map	 shows	 that	 the	 wildlife	 areas	 are	
more	suitable	for	cheetahs	than	community	 land.	Within	the	wild-
life	areas,	 the	northern	tip	had	the	 least	suitable	habitat	 for	chee-
tahs,	 whereas	 in	 the	 eastern	 areas	 (Olare-	Motorogi	 Conservancy,	
Naboisho	 Conservancy,	 Ol	 Kinyei	 Conservancy	 and	 the	 eastern	







This	 study	 explored	multiscale	 habitat	 selection	 by	 cheetahs	 in	 a	
human-	wildlife	 landscape.	 Our	 results	 reveal	 that	 anthropogenic	
variables	were	selected	at	broader	scales	than	environmental	vari-
ables.	 The	 best	 indicators	 of	 cheetah	 presence	 were	 the	 human	


























Under	 the	 competition-	avoidance	 hypothesis	 we	 expected	 that	
cheetahs	 would	 prefer	 areas	 outside	 the	 wildlife	 areas	 to	 avoid	
TABLE  1 Top	ten	GLMMs	representing	cheetah	habitat	
selection	in	the	Maasai	Mara,	Kenya
Model structure AIC- value Δi wi
hf1440 + wa720	+	sch90 + ed180	+	sl 8636.2 0.00 1
hf1440 + wa720	+	sch90 + ed180 8652.7 16.48 0
wa720	+	sch90 + ed180	+	sl 8653.0 16.75 0
wa720	+	sch90 + ed180 8667.5 31.22 0
hf1440 + wa720	+	sch90	+	sl 8797.5 161.27 0
wa720	+	sch90	+	sl 8814.2 177.92 0
hf1440 + ed180 + wa720	+	sl 8828.8 192.60 0
hf1440	+	sch90 + wa720 8836.5 200.21 0
ed180 + wa720	+	hf1440 8842.0 205.71 0




as	 subscripts.	Δi	 represents	 the	 AIC	 difference	 and	wi	 represents	 the	
model	weightings.
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competition	with	other	predators,	especially	 lions	as	they	occur	at	
very	high	densities	inside	the	wildlife	areas	(Elliot	&	Gopalaswamy,	
2017).	However,	 our	 results	 show	a	 strong	preference	 for	wildlife	
areas	and	an	avoidance	of	human	presence.	This	is	in	line	with	find-
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Macdonald,	 2008).	 These	 results	 therefore	 suggest	 that	 cheetahs	
potentially	consider	humans	as	a	bigger	threat	than	other	predators.	






wildlife	 areas	 are	 fenced	making	 it	 possible	 for	 cheetahs	 to	move	
into	the	more	human-	dominated	areas.	However,	a	high	number	of	
human	settlements	are	found	on	the	borders	of	the	wildlife	areas,	







cheetahs	 were	more	 likely	 to	 occur	 close	 to	 the	 wildlife	 areas.	 A	







































The	 global	 cheetah	 decline	 has,	 in	 some	 part,	 been	 attributed	 to	
predation	 and	 competition	 with	 other	 predators,	 especially	 lions	
and	spotted	hyaenas.	Laurenson	(1995)	estimated	that	in	Serengeti	
National	Park,	Tanzania	only	4.8%	of	cubs	born	reach	independence,	
with	 73%	 of	 deaths	 accounted	 for	 by	 predator-	induced	mortality.	
However,	studies	in	other	parts	of	Africa	have	found	a	much	higher	
cub	 survival,	 even	 with	 the	 presence	 of	 lions	 (e.g.,	 Mills	 &	 Mills,	
2013).	 Additionally,	 recent	 research	 has	 shown	 that	 lion	 numbers	
do	not	negatively	influence	cheetah	numbers	(Swanson	et	al.,	2014),	




tat	which	 could	 explain	why	 cheetahs	preferred	 the	wildlife	 areas	
despite	 the	 very	 high	 lion	densities	 (Elliot	&	Gopalaswamy,	 2017).	
Semiclosed	 habitat	 provides	 concealment,	 thereby	minimizing	 the	
possibility	of	being	detected	by	other	predators.	This	 is	supported	

















(Caro,	 1994).	 However,	 other	 studies	 have	 shown	 that	 cheetahs	
can	 increase	 their	 hunting	 success	 using	 a	 combination	 of	woody	













slopes	within	 this	area.	Furthermore,	 it	 is	possible	 that	our	 find-
ings	are	different	to	those	by	Welch	et	al.	(2015),	because	slopes	
in	 the	Maasai	 Mara	 are	 steeper	 (maximum	 slope	=	44.45°)	 than	
those	 found	 in	Mountain	 Zebra	National	 Park.	 Studies	 on	 other	
carnivores	in	human-	dominated	landscapes,	including	brown	bear	
and	Eurasian	lynx,	have	shown	that	steep	slopes	are	preferred	as	
it	 provides	 a	 refuge	 from	 human	 disturbances	 (Basille,	 Calenge,	
Marboutin,	 Andersen,	 &	 Gaillard,	 2008;	 Bouyer	 et	al.,	 2015;	













carnivores	 attracted	 to	 higher	 prey	 numbers,	we	 suspect	 that	 ex-
cluding	this	factor	from	our	analysis	has	not	significantly	impacted	
our	results.
5  | CONCLUSION AND 
RECOMMENDATIONS











ple,	Elliot	et	al.	 (2014)	 looked	at	patterns	of	connectivity	 for	 lions,	
and	 found	 a	 substantial	 difference	 between	 females,	 males,	 and	
dispersing	males.	Similarly,	Abrahms	et	al.	(2016)	found	that	African	
wild	 dogs	 (Lycaon pictus)	 use	 roads	 differently	 depending	 on	 their	
behavioral	 state.	 Wild	 dogs	 selected	 roads	 when	 travelling,	 spe-
cifically	 in	more	dense	vegetation,	while	 they	 ignored	 roads	when	
running	 at	 high	 speeds	 and	 avoided	 roads	 all	 together	when	 rest-
ing	(Abrahms	et	al.,	2016).	 In	order	to	accurately	 identify	corridors	
within	 the	Maasai	Mara,	we	strongly	 recommend	further	 research	












In	 conclusion,	 we	 strongly	 believe	 that	 habitat	 selection	 stud-
ies,	 using	 a	multiscale	 approach,	 of	 species	 under	 human	 pressure	
are	 important,	 as	 they	 can	 predict	 which	 areas	 are	 essential	 for	
conservation.
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